Abstract. In this paper we analysed Sudden Phase Anomalies (SPAs) of VLF/LF signals recorded at Graz (Austria), Birr paths varies from 10 to 282 degrees, and (ii) the correlation between the amplitudes of SPAs, the lengths of paths and the signal frequency is weak. The change in effective height of reflection due to lowering of the reflecting layer during the flares was found to be about 12 km for the first event and about 9 km for the second event. Spectral analysis of the X-ray and LF data, filtered in the range between 5 sec and 16 min, showed that the LF signal spectra are very similar to X-ray spectra. Maxima of 10 both X-ray and LF spectra are in 2-16 min interval.
Introduction
Solar flares are one of the most influential space weather events. During the flares, electromagnetic and corpuscular radiation of significant power is emitted. Arrival of the solar proton radiation is mainly observed in the regions with magnetic latitudes 15 greater than 60
• . The protons produce polar cap absorption events, which can up to last several days. In the middle latitudes, significant changes in the lower ionosphere electron density are induced by solar X-ray flares.
During most of the solar X-ray flares the electron density is strongly enhanced due to sudden increases in extreme ultraviolet and hard X-ray radiation. Ionisation is usually produced below the normal D-region (e.g., Chilton et al., 1963; Whitten and Poppoff, 1965), and this region responds dramatically to the X-ray flares. Although the main source of ionisation, Lyman-α emission, is enhanced during the flare event, the X-ray emission overwhelms its effect several times, leading to 1-2 orders of magnitude increase in the D-region electron density (see e.g. Grubor et al., 2008) .
Very Low and Low Frequency (VLF/LF) radio wave measurements are used to study the D region behaviour. These waves are reflected by the D region, and changes in ionisation of the D-region result in amplitude and phase variations of the received 5 VLF signal. Since Kreplin et al. (1962) have reported the relationship between X-ray bursts during flares and Sudden Phase Anomalies (SPAs), numerous works have been published on the studies of flare characteristics and SPA phenomenology (e.g., Mitra, 1974; Muraoka et al., 1977; Kamada, 1985; Khan et al., 2005) . Many authors studied the ionospheric response to solar flares in the last decades (see e.g. Žigman et al., 2007; Druzhin et al., 2014; Hayes et al., 2017) . Works of Raulin et al. (2010 Raulin et al. ( , 2013 used data from the South American VLF Network (SAVNET) to study a large number of events in order to determine 10 the X-rays threshold, which produces ionospheric disturbances.
The boundary between the ionospheric D region and the atmosphere is characterised by two parameters: sharpness (β in 1/km) and reflection height (H in km). For unperturbed daytime ionosphere, β = 0.3 and H = 71 km (Wait and Spices, 1964) . During an X-ray flare, the sunlit ionosphere reflection height decreases considerably, while the sharpness increases in comparison with the unperturbed ionosphere. Thomson et al. (2005) modelled the D region electron densities as functions of 15 X-ray flux up to the level of the largest, X45 flare. During this largest flare, they found that the reflecting height was about 17 km below the normal midday level. Grubor et al. (2008) investigated changes in the ionosphere during X-ray flares (ranging 
Results of data analysis
Data from the eight ground-based transmitters in the frequency range from about 20 to 45 kHz were used for the analysis (Figure 1 ). The SPAs were observed in the middle-latitudes paths with lengths from 350 to 6000 km and different orientations.
A typical SPA is characterised by a sudden advance of phase followed by a rounded maximum and, generally, an exponential decay or a recovery phase. Sometimes SPAs have gradual onset. Infrequently, events have either a complex onset or complex
phase variation. The classification of events as simple (S), gradual (G) and complex (C) types of SPAs was introduced by Kamada (1985). Two examples (together with amplitude variations) are shown in Figures 2 and 3.
The study of ionospheric response to solar flares remains important research, considering the possibility of improvements in the capacity and reliability of predicting disturbances in space weather, which can influence quality of radiocommunications. The strongest effect on radio wave propagation comes from the daytime low ionospheric variations. They can produce 10 disruptions in radio communication and cause problems with navigation.
SPA characteristics for 6 September 2017 and for 10 September 2017 are shown in Tables 1 and 2 , respectively. In total, 15 wave paths were analysed for 6 September, and 17 wave paths were analysed for 10 September events. The amplitude and phase anomalies due to the solar flares were observed in all the paths. The majority of anomalies on 6 September had a simple form (exception is the path GBZ-GRZ, which had a complex onset). All of the anomalies were positive, and the shapes of SPA 15 dependencies on time closely resemble those for X-ray irradiation. The onset time (the time difference between the beginning of the flare and the start of SPA) was about four minutes for most of the events. This is in a good agreement with (Deshpande et al., 1972) who found a delay of 3-4 minutes between the beginnings of X-ray and SPA events. The SPAs duration was on average about 26 min. The period of recovery was about 1 hour.
The SPAs on 10 September were more gradual due to the longer flare growth. All the SPAs on 10 September were positive 20 and their duration was between 30 and 60 min. The recovery period for this day is difficult to estimate because the flare occured close to the evening terminator.
Majority of the amplitude anomalies of VLF/LF signals were positive except for 6 paths (an example of negative anomaly is shown in Figure 3 ).
The amplitudes of SPAs in different paths vary from 10 to 282 degrees. A weak correlation between the amplitudes of SPAs
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and the ratio of the path lengths to the signal wavelength was found (see Figure 4) . The change in the effective height of reflection (∆h) due to the lowering of the reflecting layer during a flare has been calculated using the formulas of Westfall (1961) for the paths longer than 1000 km. It was found that ∆h varies considerably from about 2 km (GBZ-GRZ) to 20-22 km (e.g. NAA-GRZ, NRK-GRZ). On average, the lowering of the reflecting layer was about 12 km for the first event and about 9 km for the second event. In 75% of the case the decrease in the height of the reflecting layer was more than 7 km.
To establish, based on the data, a statistical relation between the additional X-ray input onto the lower ionosphere and the variations seen in the VLF paths we calculated the following parameters: X-ray flux vs VLF phase, and X-ray flux vs VLF 5 amplitude. Both VLF phase and amplitude were scaled with the zenith angle of the receiving station. Examples for 6 September at the Birr station are shown in Figure 5 .
All graphs show good correlation between the X-ray flux and VLF signals, however, the relationship for the phase is more stable. The amplitude for the path GBZ-BIR has inclination to the left because the amplitude anomaly was negative (see Figure 3 ). The NAA amplitude anomaly was not smooth (see Figure 2 ) and therefore its graph is distorted. 
Spectral analysis
The data from GOES satellite and the phase data from the wave path NRK-BIR were used for the spectral analysis. The X-ray GOES data with the wavelength of 0.05-0.4 nm and the temporal resolution of 2 sec was filtered in the range of 5 sec-16 min.
The NRK-BIR path phase data has the cadence of 1 second. The acquired spectra are shown in Figure to the spectra of X-ray measurements. Maxima for both X-ray and LF spectra are in the interval of 2-16 min. The spectra rapidly decrease with fluctuations less than 2 min. The spectra for undisturbed days have the maxima of about 3-4 min and their decrease is insignificant. flare pulsations in the Earth's ionosphere (see e.g. Hayes et al., 2017) .
Conclusions
In this study, we investigated Sudden Phase Anomalies (SPAs) in VLF/LF signals (frequency range 20-45 kHz) propagating in the middle latitude paths during two solar flares with intensities X9.3 and X8.2 in September 2017. Path lengths varied from 350 km to 6000 km, and their orientation was different. In total 15 wave paths were analysed on 6 September and 17 paths 10 were analysed on 10 September. Our main findings are as follows:
-Amplitude and phase anomalies due to the solar flares were observed in all the paths. The SPA amplitudes in different paths vary in the range from 10 to 282 degrees.
-A weak correlation between the SPA amplitudes and path lengths and the signal frequency was found.
-On average, the decrease of the reflecting layer height was about 12 km and 9 km for the first and second event respectively.
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In 75% of observations the decrease was more than 7 km.
